ABSTRACT
The recognition of duplicated genetic material in diploid organisms is facilitated by electrophoretic analysis of isozyme variation, which can distinguish phenotypes produced by homozygous and heterozygous individuals. Thus, the observation that all individuals of one species display an electrophoretic pattern for an enzyme system which, in closely related species, is exhibited only by heterozygous individuals suggests the hypothesis that the structural gene locus has been duplicated. This paper provides evidence that all individuals of the diploid plant Clarkia franciscana, an annual species native to California, have duplicated genes specifying the dimeric enzyme alcohol dehydrogenase (ADH, EC 1.1.1.1). The production of multiple ADH variants may be selectively advantageous for the species, which is otherwise nearly invariant genetically (1) .
MATERIALS AND METHODS
Clarkia franciscana is known only from a single population on a serpentine outcrop in San Francisco, California. It is morphologically uniform, highly self-pollinating, has a single chromosome arrangement, and regularly forms seven bivalents at meiosis (2) . Morphologically, it is similar to the closely related diploids C. rubicunda and C. amoena, but differs extensively from them in chromosome structure with the consequence that interspecific F1 hybrids produced from crosses with either of them are fully sterile (2) . Electrophoretic analysis has shown that many of the alleles of C. franciscana are not present in the other two species (1) .
ADH in these species is strongly expressed in the stems and branches of vegetative individuals; the enzyme does not occur in the roots of C. franciscana and is only weakly present in roots of C. amoena. Procedures for its extraction from stem tissue and electrophoretic assays have been described (1) . The electrophoretic pattern of ADH in C. franciscana was examined in 197 plants grown from seed collected in the field in 1971. The pattern was identical in all the plants and consisted of three isozyme variants with different migration rates and equal staining intensity (1) . In contrast, most plants of C. rubicunda and C. amoena possess either one of two single variants and some individuals have both of these plus a third variant with intermediate mobility (1) .
ADH behaves as a dimeric enzyme so that plants which are homozygous produce a single homodimer and plants which are heterozygous for two alleles produce two homodimers with different mobilities as well as a heterodimer with intermediate mobility. The allelism of the genes specifying the two ADH isozymes in C. rubicunda was tested formally by genetic analysis of a triple-banded individual (Table 1) and by numerous progeny tests of seedlings grown from seeds collected from single individuals in nature (1) . The evidence suggests that ADH is specified by a single gene locus in these two species, which is also the case in C. biloba, C. lingulata and C. dudleyana (3) .
To test the hypothesis that the triple-banded ADH phenotype of C. franciscana results from the possession of duplicated genes, reciprocal interspecific F1 hybrids were made between this species and C. amoena ssp. huntiana (grown from seeds collected 5.7 miles east of Nicasio Schoolhouse, Lucas Valley Road, Marin Co., Calif.). The C. amoena parents were homozygous for an allele coding an ADH variant with a slower mobility than any of those in C. franciscana. The interspecific hybrids were expected to possess genes coding three different ADH subunits and to produce a maximum of six variants.
The isozymes of C. franciscana are designated, from the most anodal to the most cathodal, aa, ab and bb, and that of C. amoena, cc. These four isozymes plus bc and ac are expected in their F1 hybrids. Since, in this case, the migration distance between cc and aa is exactly two times the distance between cc and bb, the migration rate of the ac heterodimer is identical to that of bb and only five isozymes will be observed.
To help eliminate the possibility that the three ADH isozymes of C. franciscana result from the formation of configura- (Fig. 2) . The formation of the novel bc isozyme and the greater stain-._iU 4 .
aa abbb FIG. 2 . Electrophoretic phenotype of the three individual ADH isozymes of C. franciscana which were cut out from a starch gel, reinserted separately into a second gel, and then subjected to additional electrophoresis. Isozyme aa has the most rapid migration rate, ab is next, and bb is the slowest one. The arrow shows the direction of migration to the anode.
ing intensity of the middle band in the F1 hybrids also attests to the improbability that conformers are the basis for the ADH phenotype in C. franciscana. Thus, since the C. amoena parent contributes only the allele for the c polypeptide, the production of the bc isozyme requires that C. franciscana contribute the allele for the b polypeptide and the increased intensity of the middle band means that the latter species must also supply the allele for the a polypeptide.
Consequently, the three-banded ADH phenotype of C. franciscana is most simply explained as resulting from the duplication of the structural gene locus in this species. The duplication for ADH in C. franciscana appears analogous to the closely linked ADHFC duplication discovered in a South American maize (4) . However, in the present example, the sterility of the F1 hybrids precludes an analysis of linkage.
If the duplication arose initially in a heterozygous individual, both the new locus and the original one may have become homozygous by the second generation, since these plants are very highly self-pollinating. Duplication in a homozygous individual, followed by mutation to an allele specifying a variant with a different charge, would yield two classes of duplicated plants, one with and one without the mutation. Electrophoresis could not distinguish the latter class, since its phenotype would not be different from that of individuals with a single locus. Since all individuals of C. franciscana exhibit the triple-banded phenotype, it is more parsimonious to believe that the duplication originated in a heterozygote. It is also likely that the fixed heterozygous condition was selected, since it now characterizes the species. Multiple enzyme formation may be particularly felicitous in the highly self-pollinated C. franciscana, which is genetically monomorphic at all but one of 12 to 14 genes coding for enzymes which have been studied (1) .
Fixed heterozygosity at the level of enzymes is generally considered advantageous because of polypeptide complementation, absence of segregational load, and the possibility of divergence between polypeptides coded by different genes permitting their differential specialization (5) (6) (7) (8) . However, it may also be restrictive, since allelic frequencies cannot respond to differences in selective pressures brought about by temporal changes in the environment, and absence of allelic diversity may limit specific adaptation to environmental heterogeneities.
Another example of gene duplication in Clarkia has been detected in C. rubicunrda, which has four gene loci specifying glutamate oxaloacetate transaminases, whereas only two genes are present in both C. amoena and C. franciscana (unpublished results). It is possible that the relatively high frequency of chromosomal rearrangement which characterizes the evolution of Clarkia (9) 
